Abstract-Chemical coupling of maleated polyethylene (MAPE) copolymers at the interface in wood-fiber/high-density-polyethylene (HDPE) composites was investigated in this study. FTIR and ESCA analyses presented the evidence of a chemical bridge between the wood fiber and polymeric matrix through esterification. The feature peak of esterification occurred in the range between 1800 and 1650 cm −1 at FTIR spectra. Succinic and half succinic esters were the two primary covalent bonding products to cross-link the wood fiber and thermoplastic matrix. Maleated composites had a remarkable shift on most O1s and C1s spectra in respect to the wood, HDPE, and untreated composites. The binding energy of maleated composites at C1s and O1s spectra was around 282 eV and 530 eV, respectively. The mass concentration of chemical components at the interface was related to the coupling agent type, structure, and concentration. According to the FTIR and ESCA analyses, the coupling mechanisms of MAPEs were proposed. The interfacial morphology in wood-fiber/HDPE composites was illustrated with the pinwheel models based on SEM observations.
INTRODUCTION
Although a number of studies have been done on coupling mechanisms of wood/ polymer composites (WPC) [1, 2] , the mechanism of coupling reactions at the interface is still not well understood. Esterification on maleated polypropylene (MAPP)-treated wood fiber has been reported by a number of researchers [3, 4] . Kishi et al. [3] used xylene to extract radiata-pine-fiber/polypropylene composites for 48 h and analyzed xylene-extracted remains with infrared (IR). It was reported that the acid anhydride groups appeared at 1860 cm −1 and 1780 cm −1 . Based on the IR results, a half-ester linkage model was proposed [3] .
Felix and Gatenholm [4] made a fundamental research of interfacial adhesion in maleated cellulose-fibers/polypropylene composites. MAPP-treated wood fiber was extracted with toluene for 48 h to remove ungrafted MAPP, and the extracted fiber was analyzed with Fourier transform infrared (FTIR) spectroscopy. After it was heated at 180
• C for 5 min, the 'activated' MAPP specimen had a feature peak at 1717 cm −1 . This indicated that MAPP was transferred from a hydrolyzed form to an anhydride form by heating. MAPP-treated wood fiber was extracted with toluene for 24 h. By FTIR, the peak at 1739 cm −1 indicated the monomeric form of the dicarboxylic acid, whereas the peak at 1746 cm −1 arose from ester bonds between the copolymer and wood fiber. Based on these findings, two models, including half-ester and diester structures, were suggested to illustrate interfacial adhesion in maleated wood-fiber/polymer composites [4] .
It was also reported that the characteristic IR signal of esterification occurred at 1729-1748 cm −1 on MAPP-treated Kraft pulp and cellulosic fibers [5, 6] . However, this characteristic band was not direct evidence that esterification was obtained between thermomechanical pulp and MAPP, because the IR signal of esterification was obtained from MAPP treated-wood fiber in coupling solution instead of the actual wood fiber in maleated wood-fiber/polymer composites [4 -6] .
Electron spectroscopy for chemical analysis (ESCA) or X-ray photoelectron spectroscopy (XPS) has been applied to determine chemical components and functional groups at the interface. Felix and Gatenholm [4] reported that compared with the untreated fiber, MAPP-treated fibers had a dramatic increase in the peak of 285 eV characteristic for C C bonding. However, maleation decreased O/C ratio and O/(O C O) ratio of treated fibers. Hence, treated fibers had a hydrophobic surface. Kazayawoko et al. [7] studied wood fibers treated with E-43 (a MAPP copolymer with a low molecular weight) and G-3002 (a MAPP copolymer with a high molecular weight) using XPS techniques. For maleated fibers, there was a dramatic increase in the C C/C H ratio, but the contributions of C O, C O/O C O, and O C O groups were decreased. Moreover, maleated fibers had a smaller oxygen-carbon (O/C) ratio than the untreated wood fibers. The increase in the C C/C H bonding ratio and decrease in the O/C ratio were attributed to the attachment of MAPP to wood fiber surface by graft copolymerization. Matuana et al. [6] also reported similar XPS results of E-43-treated cellulosic fibers.
Maleated polyethylene (MAPE) has been used as a compatibilizer in starch/ protein-polymer composites [8] . However, there have been few reports on application of MAPE in wood/polymer composites [9] . According to the interfacial similarity rule [10] , MAPE maybe effectively improve interfacial bonding between the polar wood and non-polar polyethylene. Therefore, it is necessary to investigate the chemical reaction and interfacial structure of MAPEs with advanced chemical analysis techniques and to understand the coupling action of MAPEs at the interface in wood-fiber/polyethylene composites. The objectives of this study were (a) to investigate the interfacial structure and characterization of maleated woodfiber/HDPE composites by chemical analyses, (b) to observe the interfacial morphology of fracture surface and distribution of coupling agents, and (c) to study the coupling mechanisms of MAPEs at the interface.
MATERIALS AND METHODS

Materials
Mixed thermomechanical pulp (TMP) fiber was obtained from Temple-Inland Company, Diboll, TX. Before the compounding process, the TMP fiber was dried in an oven at 100
• C for 24 hours. The moisture content of the fiber was between 2% and 3% at the time of blending.
HDPE pellets (PE10462N, Dow Chemical) were obtained from Dow Chemical. The density of HDPE is 962.5 kg/m 3 . Its melting temperature and melt index are 134
• C and 10 g/10 min, respectively. The tensile strength and modulus of PE10462N are 12 MPa and 0.75 GPa, respectively.
Two MAPEs (100D and 226D) were obtained from Dupont Canada Inc. (Ontario, Canada). Another MAPE (Epolene C16) was supplied by Eastman Chemical Company (Longview, Texas). Epolene E-43 (a product of MAPP, Eastman Chemical Company) was used as a reference for MAPEs. An oxidized polyethylene, Epolene E20, was also obtained from Eastman Chemical Company. E20 is a carboxylated HDPE copolymer and also used as a reference for MAPEs. The basic properties of all the coupling agents used are listed in Table 1 . The concentration levels of coupling agents used were 0, 1, 3, 5, and 10% based on the weight of the oven-dried wood fiber.
Dicumyl peroxide (DCP) was used as an initiator. The amount of DCP was controlled to be 1% coupling agent by weight. 
Manufacture of wood-fiber/HDPE composites
The melt-molding process for manufacturing wood-fiber/polymer composites followed the one-step process in the literature [11] . The wood fiber, thermoplastics, coupling agent, and initiator were sequentially fed into a Haake blender (Model Rheomix 600). After mixing, the melts were removed from the blender and cooled to room temperature. With a Thomas-Wiley miller (Model 3383L10), the melts were ground to pass through a 20 mesh screen.
The ground powder with a required weight was put into a two-piece aluminum molding set. The mold was pressed at 168
• C for 3 min with a miniature hot press and cooled to room temperature at the same pressure for 1 min. The pressure for heating and cooling was controlled to be 0.16 MPa. The specimens were made with this molding set for tensile testing and dynamic mechanical analysis. Density of all the specimens was controlled to be 1000 ± 50 kg/m 3 .
Soxhlet extraction of maleated composites
Before chemical analyses (e.g. infrared analysis and ESCA in next subsections), all composites samples were Soxhlet-extracted. A small amount of composite samples were placed into the Soxhlet thimble and continuously fluxed with a hot solution of xylene for 48 h [12] . The extracted samples were then oven-dried at 70
• C for 24 h to reach a constant weight.
Interfacial morphology analysis
The fracture surface after tensile testing was observed with a scanning electronic microscope (SEM, Model Cambridge 260) under an acceleration voltage of 15 KV.
Chemical components analysis
The chemical information at the interface was analyzed with an electrical spectroscope for chemical analysis (ESCA AXIS 165). ESCA was operated under a high vacuum pressure between 10 −8 and 10 −7 torr. For each composite specimen after tensile testing, a scanning survey of the fracture surface was run in a low resolution between 0 to 1200 eV with a passing energy of 89.45 eV. Carbon (C1s) and oxygen (O1s) atomic compositions were evaluated and binding energy values were recalibrated based on the known binding energy of C1s peaks with a Scienta ESCA 300 database [13] . Interactions between the wood fiber and HDPE with and without coupling treatment were compared.
Fourier transform infrared analysis
The functional groups at the interface in modified wood fiber/polymer composites were analyzed using FTIR spectroscopy (Model Perkin-Elmer 1760X). Two methods for sample preparation were employed in this study.
For HDPE and maleated and carboxylated polyolefin pellets, a cast film method was used. A xylene solution of maleated polyolefins was prepared in a beaker and dropped with a pipette on a NaCl disk. A uniform and continuous film was formed on this disk while the solvent was completely evaporated [14] .
A potassium bromide (KBr) pellet technique was used for modified composite samples. A milligram of the finely ground sample was mixed with about 100 mg of dried KBr powder within a sample set. A pressure of 69-103 MPa was applied to yield a transparent disk [14] . The scanning range of FTIR was between 4000 and 500 cm −1 with a resolution of 4 cm −1 .
RESULTS AND DISCUSSION
Coupling mechanisms of maleated wood-fiber/HDPE copolymers
MAPEs presented the clear feature peaks of their backbone chains at three regions (Fig. 1a) . The backbone molecule, polyethylene, had a strong peak of ( C H) at about 2923 and 1466 cm −1 , respectively, and a moderate peak of ( CH 2 ) at around 720 cm −1 . In contrast, E43 presented a significant peak at around 2850 cm
due to the methyl groups (C CH 3 ). E43 had the peaks similar to polyethylene, but it had a moderate feature peak of propyl groups at 1160 cm −1 and a strong peak at around 1370 cm −1 . Different from HDPE, MAPEs had the characteristic peaks in the range between 1800 and 1650 cm −1 (Fig. 1b) . This indicated the existence of maleic anhydride groups. Within the range between 1800 and 1700 cm −1 , two bands separated by about 60 cm −1 were characteristic of cyclic anhydrides [15, 16] . The peak at the low frequency of 1717 cm −1 was more intense than that at the high frequency of 1790 cm −1 . For 100D, 226D, and C16, these two bands were significant. All the MAPE coupling agents used also presented the weak peak at 1651 cm −1 . E43 had a pair of bands similar to MAPEs, but both shifted to a lower frequency due to the influence of propyl groups. As a carboxylated copolymer, E20 had the feature peak of monocarboxyl groups at 1718 cm −1 due to the C O stretch [15] . For the untreated composites (Fig. 2) , the peak at around 3400 cm −1 was due to absorbed water in the wood fiber. Composites with E43 and C16 also showed this strong peak. Composites with E43 and C16 had a strong peak at 2923 and 2840 cm −1 , respectively, which were the characteristic IR signals of their PE and PP backbone structures [15, 16] . In the range between 1900 and 1400 cm −1 , composites with C16 and E43 had a broad band around 1640 cm −1 . Compared with the untreated composites, composites with C16 and with E43 presented a feature peak of esterification at 1751 cm −1 and 1678 cm −1 , respectively (Fig. 2) .
ESCA spectra were obtained by scanning the fractural surface of wood-fiber/ HDPE composites after tensile testing (Fig. 3) . Carbon and oxygen were the two primary components of composites, with and without coupling treatment. For the untreated composites, carbon (>90% in weight) had a stronger signal than oxygen (<10%) because it mostly came from HDPE, and most wood surfaces were covered by the polymeric matrix. Compared with the untreated composites, composites modified with coupling agents had higher concentration of carbon but lower concentration of oxygen (Table 2 ). For composites with 100D, oxygen concentration was about 1-2% and almost independent of the coupling agent concentration. For composites with C16 and E20, the oxygen ratio decreased with an increase in the coupling agent concentration. However, it increased with an increase in the coupling agent concentration for composites with 226D. This indicated that chemical compositions at the interface were influenced by the coupling agent type and structure, coupling agent concentration, and its coupling reaction with the wood and polymer matrix.
For the untreated composites, the binding energy at C1s and O1s was around 282 and 530 eV, respectively. Compared with the untreated composites, composites with MAPEs had right-shifted peaks at C1s spectra but had a left shift in respect to HDPE. They also had right-shifted peaks at O1s spectra in respect to the untreated composites (Fig. 3a) . This indicated that chemical covalent bonding took place at the interface in maleated composites. As shown in Fig. 3b , composites with 226D had a significant right-shifted peak compared with the untreated composites. Composites with 226D at different concentration levels had almost the same peak of about 529 eV at O1s spectra. The intensity of these peaks was related to the oxygen ratio at the interface ( Table 2 ). The results agreed that the amount of free or ungrafted functional groups of coupling agents at the interface was proportional to the coupling agent concentration [12] . Based on the aforementioned results and previous reports [17, 18] , coupling mechanisms of MAPE in wood-fiber/HDPE composites are proposed in Scheme 1. Through the dehydration, double acids on MAPE are transferred into maleic anhydride groups with a closed ring, but this reaction is reversible (Scheme 1.1). With an initiator, some polyethylene and MAPE molecules become free radicals (Schemes 1.2 and 1.3 ). Non-radicals may switch with free radicals to form new radicals (Schemes 1.4 and 1.5). Two polyethylene radicals may combine together and become a new polyethylene molecule with a large molecular weight (Scheme 1.6). One polyethylene radical may react with one MAPE radical to form a maleic anhydride grafted polyethylene molecule (Scheme 1.7). Two MAPE radicals may react with each other to form saturated and unsaturated MAPE molecules (Scheme 1.8), and even produce two unsaturated MAPE molecules. A MAPE radical may also react with a double carbon-carbon bond at the end or on the branch of a polyethylene molecular chain (Scheme 1.9). This coupling reaction is preferred for LLDPE molecules.
MAPE radicals react with hydroxyl groups of the wood to form a graft copolymerization structure. The reaction between the wood and MAPE may result in two products (Scheme 1.10 and Scheme 2). One is the copolymer with diester bonds, whereas another has the half-ester structure [3, 4] . Secondary bonding is also involved in wood-polymer composites. As shown in Scheme 1.11 and Scheme 2, a hydrogen atom of a hydroxyl group on the wood may form hydrogen bonds with the oxygen atom of a maleic anhydride group. Also, a hydrogen atom on the maleic anhydride group of a MAPE molecule may form the hydrogen bonds with an oxygen atom on the maleic anhydride group of another MAPE molecule (Scheme 1.12). 
Interfacial morphology
At high concentration of the wood fiber (e.g. 70% in weight), the polymer matrix in the untreated composites was not continuously distributed and most of the wood fibers directly contacted one another, thus resulting in poor adhesion at the interface (Fig. 4a) . This situation was improved when the amount of thermoplastics was equal to or larger than that of the wood fiber in weight (Fig. 4b) . Most of the wood fiber was enveloped by the polymer matrix when the polymer phases were abundant in the composites (i.e. the weight ratio of the polymer and wood was larger than one). Hence, the wood fiber and thermoplastics were mainly linked through a mechanical connection for the untreated composites.
For the untreated composites, the wood surfaces were usually smooth and individual fibers had clear profiles on the fractural surface (Fig. 4c) . Thermoplastics penetrated into pit lumens (Figs 4c and d) , cracks, and other void parts of wood fiber and gaps between fibers to form a mechanical connection. Under a tensile loading, composites with 70% fiber were damaged along the direction parallel to the fiber length due to the shearing failure between the fiber bundles (Fig. 4a) . When the weight ratio of the wood fiber was equal to or larger than that of thermoplastics, the tensile failure was due mainly to the fiber separation and peel-off of the wood fiber from the matrix (Fig. 4b) . However, the pull-out damage was dominant on the fractural surfaces of composites and produced holes or grooves with smooth walls when the amount of thermoplastics in weight was larger than that of the wood fiber (Figs 4b and 4c) .
Different from the wood fiber in the untreated composites, the modified fiber in maleated composites had a rougher fractural surface (Figs 5a and 5b) . The fiber was pulled out from the matrix (Figs 5b and 5c ), peeled off from the matrix (Figs 5d  and 5e ), or embedded in the matrix (Fig. 5f ). The latter two cases seemed to be dominant for most composites with a coupling agent because of chemical coupling at the interface. Composites with coupling agents presented strong interfacial adhesion (Figs 5b-5f ). Some polymer molecules were still grafted on the wood surfaces by coupling agents after the tensile failure (Figs 5d-5f ). This indicated that a maleated copolymer indeed strengthened the interfacial adhesion through chemical bonding.
Coupling agent distribution
In general, coupling agents are randomly distributed in the resultant composites. A coupling agent randomly reacted with the wood fiber and thermoplastic matrix to form graft copolymerization. Its grafting sites were randomly distributed on the wood. Therefore, a network of coupling agent was formed at the interface. However, there was a limit for chemical coupling reaction and only part of a coupling agent was grafted onto the wood surface and even cross-linked at the interface [12] . Furthermore, esterification of maleated polyolefins was usually limited to the surface layer [4, 12] .
Based on the observations by SEM, pinwheel models are proposed to illustrate the coupling agent distribution in the resultant composites (Scheme 3). A symmetric structure applies to Structure I when the amount of the wood fiber is equal to that of thermoplastics in weight. In this model, the wood fiber is evenly separated in the polymer matrix. A coupling agent is distributed at the interface to form the fol- lowing four modes: polymer-wood, polymer-coupling agent-polymer, polymercoupling agent-wood, and wood-coupling agent-wood interphases. Asymmetric structures (such as Structure II and III) are suitable for the maleated composites when the amount of the wood fiber is unequal to that of the polymer matrix. In Structure II, the wood fiber is enveloped in the matrix, while most of the fiber forms bundles and the polymer matrix is not continuous in Structure III. Structure II has four interphases: polymer-polymer, polymer-wood, wood-coupling agentpolymer, and polymer-coupling agent-polymer. Similarly, wood-wood, woodpolymer, wood-coupling agent-polymer and wood-coupling agent-wood interphases exist in Structure III.
CONCLUSIONS
In this study, FTIR and ESCA analyses indicated that esterification was the primary covalent bonding at the interface for maleated copolymers. Esterification occurred in the range between 1800 and 1650 cm −1 at FTIR spectra. It caused a shift in most O1s and C1s spectra of composites with a coupling agent in respect to those of the wood, HDPE, and untreated composites. Based on these analyses, chemical coupling mechanisms of MAPEs were proposed. Succinic and half succinic esters were the two primary covalent bonding products to cross-link the wood fiber and polymer matrix at the interface. Although most FTIR and ESCA spectra of MAPE were different from those of MAPP, composites with MAPE had an interfacial structure similar to those with MAPP. Therefore, MAPEs were also effective at the interface.
Coupling agents were randomly distributed at the interface. The observations by SEM indicated that for the untreated composites the wood fiber was mainly linked with the thermoplastic matrix through a mechanical connection, while the network structure at the interface in maleated wood-fiber/HDPE composites was the evidence of chemical bridges between the wood fiber and polymer matrix by esterification. The interfacial morphology was illustrated with the pinwheel models.
